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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Shear cutting is still the most preferred process in industry for separation of sheets. An enhanced fully-coupled 
Lemaitre model is applied for the description of the material behaviour. The local damage model considers the 
influence of shear and compression-dominated stress states on the propagation of damage. A time-efficient approach 
for parameter identification is used to obtain proper material parameters from different tensile and torsion tests. Shear 
cutting experiments for dual phase steel are performed to validate the simulation model. An accurate prediction of the 
cutting force is obtained with the process model. Furthermore, it is shown that the triaxiality at fracture has to be 
considered in combination with th  predicted geometry to determine the haracteristics f the cutting surface, i.e. the 
burnish and the fracture zone. 
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1. Introduction 
The Finite-Element-simulation of entire blanking process including fracture may yield valuable information for 
users of this technology. As blanking operations occur in the process chain of virtually all sheet metal parts, reliable 
prediction and analysis of the physics of the blanking process has high technological relevance. Knowledge of the 
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stress state in the sheet is of high interest for users of this technology, because it provides information about the load 
of tools, but is also closely connected to the attributes of the finished product, such as the cut surface quality. 
Simulation of the process is suitable to obtain these information.  
Recently, Dalloz et al. (2009) used an anisotropic Gurson-Tvergaard-Needlman (GTN) model implemented into 
their own Finite-Element code to simulate the shear cutting of dual phase steel. They achieved a good prediction for 
the general level of the punch force. However, a cumbersome and expensive parameter identification with scanning 
electron-micrographical analysis for various load steps was necessary. Gutknecht et al. (2015) have used an enhanced 
Lemaitre model for simulation of shear cutting with a closed-cut (e.g. circular punch). The parameter were identified 
by a notched tensile test. They found that shear cutting involves many different stress states, including highly 
compressive states.  
In the current paper a similar approach is followed for simulation of shear cutting with an open-cut (e.g. straight 
punch). The punch force is predicted accurately and the cut surface coincides satisfyingly. The process is found to be 
significantly different from shear cutting with a closed-cut as the range of involved stress states is reduced drastically 
and rupture is delayed. Details of the approach are given in section 2. The results are validated and analyzed with 
regard to the relevant stress state in the process in section 3. 
2. Methods 
2.1. Material characterization 
A dual phase steel DP600 delivered by ThyssenKrupp Steel Europe is investigated. The sheets are supplied as 
single sheets with dimensions of 1000 mm x 50 mm x 1 mm. As the simulation of shear cutting requires 
characterization of the entire range of material behavior, starting from elastic behavior, to plastic flow and finally the 
evolution of, or resistance against failure, several experiments are necessary. 
Young’s modulus E, Poisson’s ratio ν and Lankford parameter R00 are determined directly from uniaxial tensile 
tests according to DIN 50125 on the universal testing machine Z250 from Zwick. Tests are only performed in rolling 
direction, due to limitations of delivered sheets. 
As the DP600 at uniaxial tensile testing begins to neck at plastic strain of 0.15 a plane-torsion test is used for 
determination of flow curve. In the plane-torsion test high plastic strains can be obtained in almost ideal shear 
loading (Brosius et al. (2011)). In this case a modified twin-bridge specimen (Figure 1a) is used for experiments 
providing an evaluation of the flow curve up to a plastic strain of almost 0.3 (Figure 1b).  
In previous work (Gutknecht et al. (2015)) have presented a simplified approach for damage characterization with 
a single characterization test. This method is followed here. The displacement at tensile testing of notched specimen 
is measured with tactile sensors. The specimen is designed to be symmetrical to all three Cartesian directions for an 
efficient simulation. The 10 mm wide specimen has to two notches of 2.5 mm radius, resulting in a 5 mm wide bridge. 
The total length is 180 mm, while the thickness is 1 mm, as delivered. The notches are milled to keep influence of 
heat at manufacturing at a minimum. 
Figure 1: a) Specimen shape for torsion test. b) Flow curves for DP 600. Extrapolation follows Swift. 
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
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stress state in the sheet is of high interest for users of this technology, because it provides information about the load 
of tools, but is also closely connected to the attributes of the finished product, such as the cut surface quality. 
Simulation of the process is suitable to obtain these information.  
Recently, Dalloz et al. (2009) used an anisotropic Gurson-Tvergaard-Needlman (GTN) model implemented into 
their own Finite-Element code to simulate the shear cutting of dual phase steel. They achieved a good prediction for 
the general level of the punch force. However, a cumbersome and expensive parameter identification with scanning 
electron-micrographical analysis for various load steps was necessary. Gutknecht et al. (2015) have used an enhanced 
Lemaitre model for simulation of shear cutting with a closed-cut (e.g. circular punch). The parameter were identified 
by a notched tensile test. They found that shear cutting involves many different stress states, including highly 
compressive states.  
In the current paper a similar approach is followed for simulation of shear cutting with an open-cut (e.g. straight 
punch). The punch force is predicted accurately and the cut surface coincides satisfyingly. The process is found to be 
significantly different from shear cutting with a closed-cut as the range of involved stress states is reduced drastically 
and rupture is delayed. Details of the approach are given in section 2. The results are validated and analyzed with 
regard to the relevant stress state in the process in section 3. 
2. Methods 
2.1. Material characterization 
A dual phase steel DP600 delivered by ThyssenKrupp Steel Europe is investigated. The sheets are supplied as 
single sheets with dimensions of 1000 mm x 50 mm x 1 mm. As the simulation of shear cutting requires 
characterization of the entire range of material behavior, starting from elastic behavior, to plastic flow and finally the 
evolution of, or resistance against failure, several experiments are necessary. 
Young’s modulus E, Poisson’s ratio ν and Lankford parameter R00 are determined directly from uniaxial tensile 
tests according to DIN 50125 on the universal testing machine Z250 from Zwick. Tests are only performed in rolling 
direction, due to limitations of delivered sheets. 
As the DP600 at uniaxial tensile testing begins to neck at plastic strain of 0.15 a plane-torsion test is used for 
determination of flow curve. In the plane-torsion test high plastic strains can be obtained in almost ideal shear 
loading (Brosius et al. (2011)). In this case a modified twin-bridge specimen (Figure 1a) is used for experiments 
providing an evaluation of the flow curve up to a plastic strain of almost 0.3 (Figure 1b).  
In previous work (Gutknecht et al. (2015)) have presented a simplified approach for damage characterization with 
a single characterization test. This method is followed here. The displacement at tensile testing of notched specimen 
is measured with tactile sensors. The specimen is designed to be symmetrical to all three Cartesian directions for an 
efficient simulation. The 10 mm wide specimen has to two notches of 2.5 mm radius, resulting in a 5 mm wide bridge. 
The total length is 180 mm, while the thickness is 1 mm, as delivered. The notches are milled to keep influence of 
heat at manufacturing at a minimum. 
Figure 1: a) Specimen shape for torsion test. b) Flow curves for DP 600. Extrapolation follows Swift. 
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Based upon these characterization experiments, parameters for a damage model are identified. The results from the 
plane-torsion test are used for the identification of the parameters governing the elasto-plasticity. The force-
displacement curve of the notched tensile test is used to determine the parameter responsible for material deterioration. 
2.2. Experimental Setup for shear cutting 
For the shear cutting experiments a high-performance press with a press force of 510 kN was used (BRUDERER 
BSTA510). The shear cutting tool (Figure 2) was developed at the utg. The upper plate and the blankholder plate are 
guided with ball cages on the guide pillar. The tool is equipped with blankholder-springs, which provide the force of 
about 8 kN to clamp the sheet. Both punch and die were prepared with an edge radius of 0.05 mm. They were set to 
get an absolute cutting clearance of 0.1 mm, which means a relative cutting clearance of 10% of the sheet thickness. 
Sensors are integrated into the cutting tool to record the process force and slide stroke movement. Therefore a 
piezoelectric load cell (Kistler Type 9051A) was installed in the punch block, which enables to record the cutting 
force without the influence of the blankholder force. The vertical movement of the stroke can be captured by an 
inductive position sensor (HBM WA20), which is installed laterally on the upper plate of the tool. The cutting velocity 
is about 15 mm/s. 
2.3. Material model 
As in previous work on the modelling of blanking, a fully-coupled elasto-plastic damage model is applied to 
account for the material behavior during severe deformation (Gutknecht et al. (2015)). The general framework follows 
(Soyarslan et al. (2010)). The logarithmic strain is additively decomposed  
e p E E E                                                                       (1) 
into elastic and plastic parts eE  and pE .  
The effect of ductile damage is considered by the damage variable [0,1]D  . It accounts for the deterioration of 
the load bearing capacity due to the evolution of the defect structure. The effective stress / (1 )DT T   
represents the stress acting on the fictitious undamaged area, as opposed to the stress T acting on the total area. The 
plastic potential is given by ( , , ) 3/ 2 dev( ) : dev( )p eqq D q q    T T T  . The damage potential 
      
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0 1
1 (1 )
d Y YS
S D


                                                         (2) 
depends on the driving force :Y Y and the material parameters S, β, κ. (| | ) / 2x x x   represents the MacCauley 
Figure 2: Design of the shear cutting tool 
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bracket. In the context of blanking simulations it is important to consider that the evolution of damage under 
compressive stress states is different than under tensile stress states. Therefore, the weighting factor h is introduced 
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to consider the effect of compressive stress states on the driving force. Here, iT  represent the principle stresses of T  
and : 1 / 3 tr ( )p T  the hydrostatic pressure. Differentiation of (2), with respect toY reveals the particular form of 
the damage evolution 
0 1
(1 )
Y Y
D
S D


  
     (4) 
The model is implemented via the user material interface into ABAQUS/explicit. For details of the model formulation 
and the implementation the reader is referred to Soyarslan et al. (2010). The standard damage model of Lemaitre 
(1971) does not distinguish between compressive stresses and tensile stresses for the evolution of damage. This is in 
contrast to experimental observations, e.g. of Bao et al. (2004). With the original Lemaitre model, i.e. h = 1 in (3), one 
obtains a fracture curve which does not consider the sign of triaxiality. Triaxiality is commonly defined by 
:
eq
p       (5) 
with the hydrostatic stress p and von-Mises stress eq . In general, for technical metals, fracture occurs at higher 
strains for compressive stresses. Thus the fracture strain for η = - 1/3 tends asymptotically to infinity in the current 
model for the limiting case of h = 0.  
2.4. Parameter identification 
The elastic parameters E and ν, as well as the plastic anisotropy in rolling direction R00 are identified directly. The 
flow curve is modelled by the Swift approximation combined with a measured initial yield stress of 275 MPa.  The 
parameters are listed in table 1. Due to the small width of the delivered sheet material, tensile tests in 45° and 90° 
degrees with respect to the rolling direction cannot be performed. Therefore, difference of force-displacement curve 
from notched uniaxial tensile test and simulation in the range of beginning plasticity until necking are minimized 
iteratively. Due to their lack of physical representation the damage parameter need to be identified inverse as well. 
The used approach of Gutknecht et al. (2015) is reviewed briefly. 
Since no explicit dependency of triaxiality appears in Equation 10, the damage parameters related to damage 
evolution (Y0, β, κ, S) are identified with the help of single notched specimen under tensile load. In an inverse 
identification strategy using the commercial program LS-OPT, the difference between the experimental and simulated 
force-displacement curves is minimized. The parameter h, determining the influence of negative major stresses (e.g. 
triaxiality) is found according to the suggestion of Lemaitre et al. (2005). The critical damage for total loss of bearing 
capacity Dc is determined a posteriori from simulations of the tensile test with a notch. 
Table 1: Identified material parameters for DP600. “Identification” refers to the used identification strategy. 
Parameter E ν R00 R45 R90 σy C φ0 n Y0 S Κ Β h Dc 
Value 210 
GPa 
0.3 0.7 1.4 0.7 275 
MPa 
1173 
MPa 
0.0 0.233 0.0 
MPa 
60 
MPa 
0.5 0.33 0.15 0.22 
Regime Elastic Plastic Damage 
Identification Direct Inverse Direct Inverse Lit. post 
2.5. FE-Setup 
A simulation model of the shear cutting process in the framework of the commercial software ABAQUS/explicit 
is used to perform the simulations. The shear cutting with an open-cut is considered to be governed by a plane strain 
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:
eq
p       (5) 
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triaxiality) is found according to the suggestion of Lemaitre et al. (2005). The critical damage for total loss of bearing 
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Table 1: Identified material parameters for DP600. “Identification” refers to the used identification strategy. 
Parameter E ν R00 R45 R90 σy C φ0 n Y0 S Κ Β h Dc 
Value 210 
GPa 
0.3 0.7 1.4 0.7 275 
MPa 
1173 
MPa 
0.0 0.233 0.0 
MPa 
60 
MPa 
0.5 0.33 0.15 0.22 
Regime Elastic Plastic Damage 
Identification Direct Inverse Direct Inverse Lit. post 
2.5. FE-Setup 
A simulation model of the shear cutting process in the framework of the commercial software ABAQUS/explicit 
is used to perform the simulations. The shear cutting with an open-cut is considered to be governed by a plane strain 
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state of deformation. Therefore, the process is modelled with 2D plane strain elements. The elements in the envisaged 
processing zone are set in a regular, perpendicular pattern with an element-size of 20 µm. An Arbitrary-Lagrange-
Euler (ALE) approach is necessary to avoid severe element distortion. Thus every three time increments an ALE step 
is performed in the area between punch and die to adjust the mesh topology. Details of the applied ALE scheme can 
be found in Abaqus (2011). Friction between the tools (modelled as rigid bodies) and the sheet is considered by the 
Coulomb model with a coefficient of 0.3. This value is chosen based on findings of Sasada et al. (2006). Contact pairs 
are defined via a node-to-surface algorithm, due to the creation of new surfaces during the simulation. The 
enforcement of contact is realized via kinematic formulation. The rupture of material is accounted via element 
deletion, when the damage variable D reaches Dc. 
3. Results 
3.1. Validation 
Figure 4a shows the force displacement curve for the notched tensile test predicted by the simulation with the 
optimal parameter set (except for Dc). The fit is calculated starting from the displacement of 0.4 mm until rupture. 
Afterwards Dc is set such that the simulation model ruptures at same instant of time like the experiment (black bar). 
Figure 4b provides the force-displacement curve from the shear cutting experiment and simulation. The curves 
coincide excellently for almost the entire process time. At the instance of total failure slight deviations are observed.  
Knowledge about triaxiality is even advantageous for validation of the cut surface. Shear cutting involves mainly 
two separation mechanisms. Initially, the burnish is supposed to be dominated by shearing. It can be debated whether 
Figure 4: Comparison of force-displacement curve from Experiment and Simulation: a) notched tensile test vs. 
identified parameter set b) shear-cutting application 
Figure 3: Microsection of cut surface. a) Strategy to distinguish between burnish and fracture. b) Experiment and Simulation (c) results 
of determined cut surface quality parameters. 
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this is a purely forming stage, or a new surface is generated due to fracture under shear. The second mechanism is the 
ultimate fracture, supposed to be dominated by tensile loading. In this stage the crack front (locus of element deletion) 
detaches from the punch progresses. With respect to this hypothesis the distinction between the transition from burnish 
to fracture may be determined by triaxiality. The idea is illustrated in Figure 3a. Triaxiality of 0.0 ± 0.16 is assumed 
to correspond to shear loading and a triaxiality above 0.16 is assumed to be predominantly of tensile state. Thus, a 
dominance of triaxiality above 0.16 in the designated crack path marks the end of burnish and beginning of rupture. 
Cut surface quality is measured by roll-over height hR, burnish height hB and fracture height hF. A microsection of 
the blanked material is provided (experiment in Figure 3b and simulation in Figure 3c). 
3.2. Analysis of Application 
Among others Bao et al. (2004) have found fracture strain to depend significantly on triaxiality. Therefore it is of 
overwhelming interest for shear cutting simulation to know which range of triaxiality to take into account. Besides 
the analysis of triaxiality may reveal further insight in the underlying physics of shear cutting. Figure 5 shows the 
evolution of triaxiality with propagating punch displacement in the area between punch and die. Almost immediately 
after contact (a) a continuous band of approximately zero triaxiality initiates. This value is characteristic for shear 
stress states. Directly under the tools the triaxiality is highly negative (approximately -0.66). At further punch 
displacement (b) the distribution of triaxiality remains almost unchanged at first, but shifts to more positive values 
(c). The zone of assumed shear stress increases significantly. The next frame (d) shows a continuous band of 
approximately +0.33 triaxiality state. This value is characteristic for an ideal uniaxial tensile stress state. Further punch 
displacement to almost total failure (e) increases this zone. Even triaxiality corresponding to equi-biaxial stress states 
(+0.66) are observed. Furthermore one can observe that the triaxiality under the die is maintained at -0.66 over the 
entire shearing process (excluding the moment before ultimate failure). On the other hand the triaxiality under the 
punch develops continuously from -0.66 to almost zero. 
3.3. Comparison open-cut vs. closed-cut 
Figure 6 presents the triaxiality found for a closed-cut (e.g. circular punch) of identical material with a similar 
approach by Gutknecht et al. (2015). Compared to the results of the open-cut presented in the previous section (Figure 
5) significant differences are visible at first glance. The range of involved triaxiality is much wider. Initially a 
continuous band of approximately -0.33 establishes (a). Further punch penetrations shifts the value to more positive 
values until a continuous band of approximately zero triaxiality is reached (b). While the width of this band increases 
Figure 5: Evolution of triaxiality at percentage punch displacements to rupture for an open-cut. 
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this is a purely forming stage, or a new surface is generated due to fracture under shear. The second mechanism is the 
ultimate fracture, supposed to be dominated by tensile loading. In this stage the crack front (locus of element deletion) 
detaches from the punch progresses. With respect to this hypothesis the distinction between the transition from burnish 
to fracture may be determined by triaxiality. The idea is illustrated in Figure 3a. Triaxiality of 0.0 ± 0.16 is assumed 
to correspond to shear loading and a triaxiality above 0.16 is assumed to be predominantly of tensile state. Thus, a 
dominance of triaxiality above 0.16 in the designated crack path marks the end of burnish and beginning of rupture. 
Cut surface quality is measured by roll-over height hR, burnish height hB and fracture height hF. A microsection of 
the blanked material is provided (experiment in Figure 3b and simulation in Figure 3c). 
3.2. Analysis of Application 
Among others Bao et al. (2004) have found fracture strain to depend significantly on triaxiality. Therefore it is of 
overwhelming interest for shear cutting simulation to know which range of triaxiality to take into account. Besides 
the analysis of triaxiality may reveal further insight in the underlying physics of shear cutting. Figure 5 shows the 
evolution of triaxiality with propagating punch displacement in the area between punch and die. Almost immediately 
after contact (a) a continuous band of approximately zero triaxiality initiates. This value is characteristic for shear 
stress states. Directly under the tools the triaxiality is highly negative (approximately -0.66). At further punch 
displacement (b) the distribution of triaxiality remains almost unchanged at first, but shifts to more positive values 
(c). The zone of assumed shear stress increases significantly. The next frame (d) shows a continuous band of 
approximately +0.33 triaxiality state. This value is characteristic for an ideal uniaxial tensile stress state. Further punch 
displacement to almost total failure (e) increases this zone. Even triaxiality corresponding to equi-biaxial stress states 
(+0.66) are observed. Furthermore one can observe that the triaxiality under the die is maintained at -0.66 over the 
entire shearing process (excluding the moment before ultimate failure). On the other hand the triaxiality under the 
punch develops continuously from -0.66 to almost zero. 
3.3. Comparison open-cut vs. closed-cut 
Figure 6 presents the triaxiality found for a closed-cut (e.g. circular punch) of identical material with a similar 
approach by Gutknecht et al. (2015). Compared to the results of the open-cut presented in the previous section (Figure 
5) significant differences are visible at first glance. The range of involved triaxiality is much wider. Initially a 
continuous band of approximately -0.33 establishes (a). Further punch penetrations shifts the value to more positive 
values until a continuous band of approximately zero triaxiality is reached (b). While the width of this band increases 
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with further punch displacement, zones of moderate triaxiality (+0.33) nucleate at the radii of the tools (c) and coalesce 
to a new continuous band (d). Previous to ultimate failure, triaxiality reaches values of more than 1.0. A look at the 
triaxiality under the tools reveals that the values at punch and die are similar to each other and significantly more 
negative than compared to the open-cut. 
Comparing punch displacements the rupture at closed-cut occurs significantly earlier than for the open-cut. Another 
finding (not pictured) is that the timespan from beginning crack growth (the point when element deletion detaches 
from position of the punch) to total rupture is shorter for the closed-cut. Thus implies a faster crack growth velocity. 
4. Discussion 
The slight deviations in force-displacement curve between experiment and simulation at the instance of failure 
(Figure 4b) are supposed to be a combined effect of ALE approach and differences in the element size used for 
identification (50 µm) and process (20 µm) simulation. On the one hand the the occurrence of rupture is expected to 
be earlier, due to the reduced element size compared to the ones at identification (Soyarslan et al. (2011)). On the 
other hand the frequent use of ALE leads to smoother distribution of all field quantities, including damage. This effect 
delays the evolution of damage which has a high gradient in the process zone. 
The presented method for distinction of the transition from burnish to fracture is designed to be less sensitive for 
interpretations of the user. The analysis of the triaxiality before element deletion provides a more objective criterion 
for the distinction of burnish and fracture, than the distinction by analysis of the shape of mesh. The shape of the mesh 
depends strongly on the initial orientation and possible ALE or remeshing. Nevertheless one should keep in mind that, 
although the agreement is good, the values determined in the simulation have an uncertainty of one element length 
(here: ± 20 µm). This is due to the inherent properties of FEM, as displacement is calculated only at the nodes.  
The analysis of triaxiality in the open-cut process has revealed that the stress state in the material corresponds 
mainly to the one of ideal shear state. This is a quite noteworthy result, recalling that the stress state for a closed-cut 
deviates severely. Although the stress state of the open-cut is dominated by triaxialities between 0 and + 0.33, the 
constitutive law needs to take into account negative triaxiality differently. Figure 5a shows some negative triaxiality, 
though not in the envisaged crack path, but under the tools. A simulation with the classic Lemaitre model (h=1), which 
Figure 6: Evolution of triaxiality at percentage punch displacements to rupture for a closed-cut. Figure according to Gutknecht et al. (2015) 
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does not distinguish between positive and negative triaxiality shows a completely different evolution of damage and 
thus leads to a crack path which is not observed in reality. 
5. Conclusion 
A fully-coupled elasto-plastic Lemaitre-type damage model is applied to a 2D plane strain process simulation of 
shear cutting with an open-cut. Material parameters are identified with a time-efficient approach. Complementary 
experiments of the process are conducted to validate the model. The findings of this work can be summarized as: 
 The application of an enhanced Lemaitre damage model enables accurate prediction of force and cutting 
surface quality for shear cutting with an open-cut.  
 An objective evaluation criterion has been presented for determination of transition from burnish to 
fracture 
 Comparison of open-cut and closed-cut simulation have revealed that the stress states for both processes 
are significantly different. The open-cut process is much more shear dominated than the closed-cut. 
 Nevertheless analysis of the triaxiality indicates that negative triaxiality still occurs. Therefore it needs to 
be taken into account correctly. The applied Lemaitre model distinguishes between the effect of positive 
and negative stresses on damage evolution 
Further investigation are necessary to validate these results for different process parameters (e.g. clearance, sheet 
thickness, worn tools). 
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